The pathophysiology of sudden death during apprehension remains largely unclear. The most frequently discussed mechanisms are excited delirium, positional asphyxia, metabolic acidosis, acute and chronic drug abuse, and autonomic instability. As in most areas of forensic medicine, much of the knowledge comes from case reports, which are of little use in understanding causality. Experimental studies of some aspects have been performed, and they show somewhat divergent results and interpretations. The aim of this review is to summarize the different proposed theories, and to point out important issues for further research.
incidence was 0.49.) Due to methodological problems, the authors point out that the number of cases found might be an underestimate.
In a recent retrospective compilation of deaths in connection with the apprehension of agitated persons in Sweden during the years 1985-2009 [2] , the frequency of these deaths was approximately 0.14 per million inhabitants and year. Although this figure could be an underestimate, due to many methodological problems, it does suggest that these deaths are rare events in Sweden, and that they are more uncommon than in the USA.
Hall et al. has made a prospective study of the outcomes of police use of force in a city of over 1.1 million citizens during a three year period, and there was one death during that period [3] .
ExcitEd dElirium
In a review of the literature, Vilke et al. [4] compiled the features reported in different case series of excited delirium (ED). The core symptoms of ED are an acute onset of confusion (delirium) in combination with psychomotor and physiological excitation. In addition, many people with ED were reported to have hyperthermia, significant resistance to physical restraint, a history most pronounced decrease was a 23% decline in MVV in the PMRP. Since PFT measurements as low as 80% of predicted values are considered clinically normal, Chan concluded that these changes were statistically significant but not clinically relevant for a healthy, non-intoxicated person. An objection to this conclusion is that predicted values are based on normal variations in a population. An individual could however hypothetically be clinically affected by a reduction in his or her MVV by, for example, 23%; different people have different capacities and needs. Although they did not find any signs of hypoxia or hypercapnia in this study, a reduction in MVV of this size could well be clinically significant for individuals in situations in which intense struggling occurs. Another study of mean MVV in PMRP showed a reduction of 18% compared to the sitting position [16] .
Schmidt and Snowden [14] measured oxygen saturation and heart rate recovery post-exercise in both PMRP and seated unrestrained (control) .
No statistically significant differences were found for pulse recovery. Small but significant changes were found for oxygen saturation; however, all measurements were in the 95-99% interval.
Parkes performed a study using a methodology based on that reported by Reay et al., with appropriate enhancements [11, 15] . Parkes did not find any statistically significant influence on pulse recovery when comparing the sitting position with the prone or supine "control and restraint position" (which was not specified more precisely), respectively. However, there was a small but statistically significant increase in pulse recovery in the prone position compared to the supine. No statistically significant differences were noted concerning oxygen saturation. Parkes concluded that there are subjects and COD, the ED subgroup had a decreased density of D2 receptors in the thermoregulatory center of the hypothalamus. The D1 receptors mediate increases in temperature, while the D2 receptors mediate decreases.
Since the D1 receptors in the thermoregulatory center were unaltered, Staley speculates that a decrease in D2 receptors may explain the malignant hyperthermia associated with ED.
Reuptake of dopamine in the synapses is mediated through the dopamine transporter protein (DTP). Staley et al. [7] showed that chronic cocaine users had a higher density of high-affinity cocaine-recognition sites on DTP. According to Staley, this might represent a compensatory mechanism for the elevated intrasynaptic levels of dopamine caused by cocaine abuse. When comparing control subjects with chronic cocaine users with and without ED, Mash et al. [8] noted an increase in the ventral striatum of high-affinity cocaine-recognition sites in chronic cocaine users without ED, but a decrease in chronic cocaine users with ED. Among the ED cases in this study, there were also four persons without any known history of substance abuse, and they showed a similar decrease in high-affinity cocaine-recognition sites on DTP. They concluded that a combination of 
positional asphyxia
The term positional asphyxia has traditionally been used for deaths in which the decedent was in a body position that he or she could not get out of, and the body position impaired breathing to the extent that death followed from asphyxia [9] . An example is a heroin-intoxicated person who falls asleep with the neck flexed, thereby obstructing the airway. In the last decades, the term has also been used in discussions about the possible contribution of body position to death when a person has been restrained; for example, during a police arrest.
The term traumatic asphyxia denotes cases in which a heavy object exerts pressure on the thorax or abdomen, which prevents adequate breathing movements and thereby prevents adequate gas exchange in the lungs. An example of this is a person who gets stuck under a car when the jack gives way. A common autopsy finding in deaths due to traumatic asphyxia is petechial bleedings in the conjunctiva and/or facial skin. In one case series (n=32) this was present in 72% of the cases [2] .
If a person is apprehended in a prone position with people pushing him or her down to the ground, elements of both positional and traumatic asphyxia might be present. In several case series, the descriptions indicate that both types of asphyxias could have occurred [10] . Despite this, the terms used for these situations are mostly positional or restraint asphyxia.
In many studies and case reports, a body position is described in which the person lies prone with the hands and feet tied together behind the back. 
thE possiblE rolE of positional asphyxia in acidosis dEvElopmEnt
Since it is impossible to create realistic human experiments to determine how death might occur during apprehensions of agitated people, we are left with the possibility of separately investigating different aspects and then trying to integrate these into scenarios that make pathophysiological sense. One of the key questions that cannot be satisfactorily examined in human experiments is whether the effects on respiration demonstrated in some studies of restraint techniques have any part in the development of the profound acidosis described in case reports.
In some sports, a training method that includes breathing at a reduced frequency during exercise is used in order to induce periods of tissue hypoxia, with the aim of improving lactic acid tolerance. As a consequence, there are several studies of this method in the sports science literature.
Although breathing in these studies is reduced by frequency of breaths in contrast with the restrictive respiratory impairment in restrained people, the results may be interesting in the discussion of positional asphyxia and acidosis.
Yamamoto et al. [24] studied the effects of reduced frequency breathing In another study by Parkes and Carson [17] , the spirometric results in four different restraint positions were compared to those in the standing position. In the most restrained position (prone with arms and legs restrained in flexed position; "figure four leg lock"), the mean FVC was reduced by 27.4%.
One participant showed a 57% reduction in FEV1, which was interpreted as a possible worst-case scenario that might occur in real-life incidents.
mEtabolic acidosis
A possible role for metabolic acidosis is not always taken into account in case reports of ED-related deaths, and often measurements of pH and lactate are missing. Hick et al. [18] presented five cases of cardiovascular collapse in people who were struggling despite maximal restraint techniques. The case descriptions raise the suspicion of ED in three of the cases. All five developed a pronounced acidosis with pH ranging from 6.25 to 6.81, which was interpreted as lactate acidosis. All were positive for cocaine in urine or blood, and one survived (he had an initial pH of 6.46). Hick concluded that the lactate level documented in one case (>24 mmol/L) was much higher than what has been reported as the top levels in sprinting athletes (17 mmol/L). A study by Bruce et al. [19] of metabolic responses in male athletes with different types of maximal exercise found that they reached excess lactate levels of 7.9-10.7 mmol/L on average. Another case report of severe acidosis [20] during ED and use of cocaine presented a man with a pH of 6.53, but who survived after treatment including hyperventilation and sodium bicarbonate.
Ho et al. [21] performed an experimental study on the response in test subjects to different situations that simulated use of force by law enforcement personnel. These situations included both intense physical activity and exposure to an electronic control device and oleoresin capsicum ("pepper spray"). The lowest recorded pH was in the group who did heavy bag resistance for 45 seconds; the median pH was 7.01 and the minimum was the systolic blood pressure by 32%, the heart rate by 21%, and the cardiac output by 37%. Roeggla speculated that the decrease in blood pressure and cardiac output could be explained by reduced venous return due to elevated intrathoracic pressure, and the decrease in heart rate could be explained by the BJR. They concluded that their data "clearly indicate, that hobble restraint in the prone position leads to a dramatic impairment of hemodynamics and respiration".
othEr possiblE pathogEnEsis and risk factors
In some cases, organic pathology, such as heart enlargement, heart fibrosis or coronary sclerosis, might contribute to, or be the main cause, of death.
Some claim that an abnormal heart is found in virtually all cases, if the heart is appropriately examined [28] . Otahbachi et al. [32] speculate that these deaths might be explained by a strong sympathetic stress caused by physical exertion, the use of restraints, drug intoxication, and possibly underlying psychiatric disease, all together causing a so called TakoTsubo cardiomyopathy. Tako-Tsubo cardiomyopathy (also named apical ballooning syndrome or stress-induced cardiomyopathy) is a reversible ailment that is often triggered by emotional or physical stress and is manifested as hypokinesia or akinesia in the middle or apical segment of the left ventricle [33] . The pathophysiology is not known, but is thought to be a massive surge of catecholamines. The symptoms mimic an acute coronary syndrome. According to Prasad et al., the vast majority of patients suffering from Tako-Tsubo cardiomyopathy are women above 50 years of age, and the mortality is very low. This suggests that Tako-Tsubo cardiomyopathy alone cannot explain the majority of deaths that occur during apprehension of agitated persons.
In order to identify risk factors of deaths during apprehensions of people with ED, Stratton et al. [34] reported 216 cases of ED where PMRP was used, and among these 20 died (of whom two were removed from the study because the autopsy revealed signs of violence against the neck and lung embolism, respectively). In decreasing order, the identified risk factors were forceful struggle, stimulant drug use (positive toxicology), established natural disease, and obesity.
conclusions
The pathophysiology of deaths that occur during apprehensions of agitated persons is evidently a complex matter. Research carried out over the last few decades has identified different components that might play a role.
These include the chronic and acute effects of central stimulants on the brain and heart, ED, metabolic acidosis, positional asphyxia, and autonomic instability. However, the pathophysiology of individual cases most probably differs in that each contains different proportions of one or several of these components. It is our belief that we will not find a unifying pathophysiology for these deaths. Instead, each case will have to be evaluated separately based on the current state of knowledge.
muscle lactate production, but that there is a delay in the appearance of lactate in blood due to an accumulation of lactate in the muscles.
Whether Yamamoto's results have any relevance for the relationship between positional asphyxia and metabolic acidosis in deaths during apprehension is unclear. However, it is interesting to note that a reduction of less than half of the pulmonary ventilation had clinically significant effects on oxygenation and pH.
chronic and acutE abusE of cEntral stimulating drugs
In case series of deaths in custody or during apprehension with signs of ED, many of the deceased show signs of acute and/or chronic abuse of stimulating drugs, most commonly cocaine [26, 27] . In a Swedish case series the dominating drug was instead amphetamine being present in 53% of the cases, and no case positive for cocaine [2] . This is probably due to a different pattern of drug use in Sweden, with amphetamine being more common than in many other countries. Grant's report [26] noted positive toxicology (most commonly cocaine, but also PCP) in 71% of the people who died from ED. In this group of people with ED (n=21), restraints were used in 86%. Karch states that common autopsy findings in these deaths are mild-to-moderate cardiac enlargement, myocardial fibrosis, and coronary artery disease [27] .
These changes can be seen after chronic cocaine abuse [28, 29] . If these types of autopsy findings are present, they could be considered the primary cause of death or important factors that contributed to death. As mentioned above, chronic cocaine use can also alter the dopamine system in the brain, which in turn might predispose people toward developing ED. However, chronic cocaine use is not necessary for developing ED and subsequently death. Other possible underlying conditions can be psychosis, brain damage, or mental retardation. In the study by Mash et al. [8] , four subjects developed preterminal ED without a history of drug abuse.
autonomic instability
Another theory that has been discussed in connection with the effect of body position on vital parameters is the so-called Bezold-Jarisch reflex (BJR) [30] . BJR causes the triad of bradycardia, hypotension, and peripheral vasodilatation. BJR is triggered by mechanical or chemical stimulation of afferent vagal fibers in the heart chambers [31] . These vagal fibers exercise a central tonic inhibition to the vasomotor centers, which is increased when BJR is activated. BJR and the baroreceptors (BR) in the carotid sinuses and aorta interact in blood pressure regulation, normally with BR as the dominant system. In laboratory animals, stimulation with alkaloids can lead to BJR becoming the dominant system, thus causing the symptom triad. However, a direct physiological stimulus that causes the same BJR dominance has not been found [31] . In severe hypovolemia, bradycardia can occur; this could possibly be explained by BJR being stimulated through violent heart contractions in poorly filled chambers. The physiological purpose of this might theoretically be that a slower heart rate would allow for a larger blood volume in the chambers and thereby better contractility in accordance with
Starling's law.
Roeggla et al. [30] measured FEV1, FVC, blood pressure, heart rate, cardiac output, oxygen saturation, and end tidal carbon dioxide in subjects in both PMRP and upright maximal restraint positions (UMRP). The two 
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Copyright© Holstad Grafisk, Oslo -Print: prografia, Oslo -ISSN 1503-9552 7 be of importance, while body position alone does not seem to be a major causative factor. However, it might very well be a contributing factor, suggesting that the choice of an adequate but safe restraint technique could prevent some of these deaths. We believe that the most important next step is to further investigate the possible relationship between body position and acidosis, hypoxia and hypercapnia, using different and more realistic conditions than in previous studies.
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Among the proposed factors behind these deaths, there is one that is particularly controversial and for which various studies have yielded diverse results and conclusions, namely positional asphyxia. Many studies have found some impairment in respiration, but come to the conclusions that these impairments are probably not clinically relevant. However, because experimental conditions are so far removed from what occurs in real life, these conclusions are questionable. Furthermore, perhaps researchers
should not focus on oxygen saturation alone, but also on ways in which the removal of accumulated carbon dioxide is affected. Since profound acidosis seems to be common in these cases, compensatory hyperventilation may be imperative. Perhaps ventilation in the prone position is sufficient to oxygenize the blood, but not to produce a sufficient compensatory respiratory alkalosis in a profound metabolic acidosis?
Based on the current studies and case reports of deaths during the apprehension of agitated people, our interpretation is that some factors related to prolonged and intense struggle, for example acidosis, seem to
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